Background: Development of hypocalcemia after treatment of hyperparathyroidism results in increased costs and risk of poorer outcomes. Previous studies have shown conflicting data about predictors of hypocalcemia after these procedures.
P rimary hyperparathyroidism is a condition in which hypercalcemia develops secondary to autonomous and excessive production of parathyroid hormone (PTH). 1, 2 In dogs, this disorder is most often caused by a functioning solitary parathyroid chief cell adenoma and less commonly by the autonomous synthesis and secretion of PTH from either parathyroid adenomatous hyperplasia (usually isolated to 1 gland) or a solitary parathyroid carcinoma. [3] [4] [5] A small percentage of affected dogs have been described as having 2 abnormal parathyroid glands concurrently or sequentially. [5] [6] [7] The most common clinical signs associated with the disease include polyuria, polydipsia, muscle weakness, poor appetite, weight loss, and lower urinary tract signs due to cystolithiasis, infection, or both. Clinical signs in this disease can be subtle, as suggested by more than one third of primary hyperparathyroid dog owners who do not observe any clinical signs. 8 Lack of clinical signs due to primary hyperparathyroidism is also recognized in a large percentage of affected people. 9 The authors' clinical impressions are that resolution of hypercalcemia due to primary hyperparathyroidism in dogs likely improves their quality of life, even when signs are not obvious, as has been suggested in asymptomatic people. 10 The goals in treating primary hyperparathyroidism are to resolve the clinical signs, restore a healthy calcium and phosphorous balance, and eliminate risk of adverse events stemming from continued hypercalcemia. Two methods have been described for treating primary hyperparathyroidism: surgical extirpation of autonomously functioning parathyroid tissue and percutaneous ultrasound-guided ablation (with either heat or ethanol). 3, [11] [12] [13] Both surgery and percutaneous ablation have been associated with resolution of hyperparathyroidism and hypercalcemia. 13 However, studies in both humans and dogs have shown that hypocalcemia or iatrogenic hypervitaminosis D after treatment are risk factors for morbidity and death when managing dogs after treatment for primary hyperparathyroidism. 9, 11, 12, [14] [15] [16] [17] [18] Therefore, the ability to accurately predict hypocalcemia after treatment would be valuable and would allow prophylactic administration of calcitriol (vitamin D) only to predisposed dogs. Vitamin D in appropriate doses can prevent or minimize the severity of hypocalcemia without having an effect on the initial resolution of hypercalcemia. 19 Dogs with total serum calcium concentrations (tCa) above 15 mg/dL might be predisposed and those below 14 mg/dL are unlikely to develop clinically consequential hypocalcemia after treatment. 20 Studies investigating prevalence of hypocalcemia after treatment have had mixed results. One study suggested association between severity of hypercalcemia before treatment and hypocalcemia after treatment, 19 but in other studies hypocalcemia after treatment was difficult to predict. 21, 22 To avoid symptomatic hypocalcemia after treatment evidenced by muscle cramping, pain, tetany, convulsions, or death, primary hyperparathyroid dogs are often treated preemptively with vitamin D. Such treatment can be helpful as described, but overdose of vitamin D can cause both hypercalcemia and hyperphosphatemia, mineralization of soft tissues, and acute kidney injury. Once initiated, treatment with calcitriol is typically continued for 2-6 months until normal parathyroid gland function returns and requires relatively expensive and frequent monitoring to determine and maintain the appropriate dose. The ability to accurately predict which dogs should receive preemptive calcitriol should help avoid the need for emergency calcium infusions, which carry a risk of cardiac arrhythmias or tissue sloughing and necrosis when extravasated or administered SC.
The objectives of this planned retrospective and prospective study were to investigate correlations between plasma ionized calcium concentrations (iCa) before and after treatment and to evaluate the relationship between plasma iCa concentrations and incidence of adverse events. We hypothesized that the greater the hypercalcemia before treatment, the greater the likelihood of consequential hypocalcemia after treatment. Other possible factors before treatment associated with clinically consequential hypocalcemia after treatment were studied. We hypothesized that there would be no association between serum PTH concentrations before treatment and hypocalcemia after treatment.
Materials and Methods
The computerized medical record system at the University of California, Davis, William R Pritchard Veterinary Medical Teaching Hospital (VMTH), was used for the retrospective analysis. The search was directed at identifying dogs diagnosed as having primary hyperparathyroidism treated with parathyroidectomy or reported as having parathyroid heat ablation between January 1, 2004, and July 31, 2014. Concurrently, dogs were prospectively enrolled between August 1, 2014, and February 28, 2015. The prospective study was terminated for ethical reasons due to compelling data from the retrospective group that supported our hypothesis.
Eligibility requirements were identical for both retrospective and prospective cohorts. Dogs were included only if a diagnosis of primary hyperparathyroidism had been suspected on the basis of compatible history, clinical signs, and results of a physical examination, CBC, urinalysis, and serum biochemical analyses. Dogs in which primary hyperparathyroidism had been diagnosed were included only if iCa had been >1.41 mmol/L (reference range, 1.12-1.41 mmol/L) at least twice during a period of >14 days before treatment. Each dog must have been successfully treated at the VMTH with either surgery or percutaneous heat ablation. Twice daily iCa measurements must have been obtained until (1) an after-treatment nadir was identified or (2) calcitriol treatment was initiated due to observation of signs compatible with hypocalcemia or the iCa concentration was arbitrarily considered dangerously low. All iCa values (both serum and plasma) were recorded.
Nonparathyroid disorders that could result in hypercalcemia must have been excluded before treatment. In addition, dogs were included only if abdominal radiography or ultrasonography and thoracic radiography had been performed within 30 days before treatment and no evidence of nonparathyroid neoplasia had been seen. Dogs were included only if 1 or more cervical masses had been observed at surgery or by means of ultrasonography. Diagnosis must have been confirmed on the basis of resolution of hypercalcemia within 3 days of either treatment. For dogs that underwent surgery, histological changes in the tissue removed must have been consistent with parathyroid adenoma, parathyroid carcinoma, or parathyroid hyperplasia. Dogs were excluded if they received glucocorticoids in the 30 days before or after diagnosis of primary hyperparathyroidism and its treatment. No dog could have received preemptive treatment with calcium or vitamin D, could have incomplete medical records, or have evidence of nonparathyroid gland neoplastic disease or bowel disease that could disrupt calcium and phosphorous regulation.
Data gathered from the medical records included signalment, history of urolithiasis, date of diagnosis, date of treatment, surgery versus ablation treatment, laboratory and imaging results. Diagnostics recorded before treatment included urine specific gravity, serum, or plasma concentrations of iCa, tCa, phosphorus, urea nitrogen, creatinine, PTH, and parathyroid hormone-related protein (PTHrP), when available. Measurements of cervical masses identified on ultrasound examinations performed at the VMTH were recorded. Results recorded after treatment included lowest iCa and lowest tCa (if assessed). All adverse events related to the surgery or hypocalcemia were included for analysis.
The date of initial diagnosis with hypercalcemia or urolithiasis was designated the date of disease onset, and the date of treatment was designated as the date of resolution. The duration of disease was estimated by determining the interval between these 2 dates.
Procedures
Routine methods were used to perform serum biochemical analyses, CBCs, and urinalyses. Serum tCa concentrations were determined by means of colorimetric evaluation.
a Serum b and plasma c ,d
iCa concentrations were determined by means of ion-selective electrode analysis. 8 Serum PTH concentrations were determined by use of a previously validated whole PTH assay system. e , 8 All serum chemistry assays were performed in the clinical chemistry laboratory of the VMTH. Ultrasonography of the neck (ie, cervical ultrasonography) was performed with a 10-MHz, linear, phased-array transducer and a standard ultrasonography machine. 
Statistical Analysis
To evaluate the relationship between iCa before and after treatment, polynomial regression and Pearson's correlation coefficient were performed. The Cochran-Armitage test was used to examine trends in proportions of treated dogs developing hypocalcemia across ordered groups of dogs based on iCa concentration before treatment. The Mann-Whitney U-test was used to evaluate the relationship between duration of known hyperparathyroidism and incidence of after-treatment clinical signs associated with hypocalcemia. Values of P < .05 were considered significant. All calculations were performed by StatXact 10 g and Stata IC/13.1 h . Means (AESD) were estimated for data compatible with a normal distribution in individual groups, and medians (ranges) were estimated for non-normally distributed data in individual groups. The median iCa and serum tCa concentrations before treatment from all 54 dogs was 1.74 mmol/L (interval: 1.46-2.82 mmol/L, reference interval 1.12-1.41 mmol/ L) and 13.1 mg/dL (interval: 12.1-15.8 mg/dL, reference interval: 9.7-11.5 mg/dL before 2011 and 9.6-11.2 from January 1, 2011 on), respectively. The median serum PTH concentration was 5.70 pmol/L (interval: 1.30-39.40 pmol/L, reference interval: 0.5-5.8 pmol/L, n = 50). Parathyroid hormone-related protein results were available for 26 dogs, 21 of which were undetectable. Five dogs had values that were detectable but within the reference range (0.0-1.0 pmol/L) and none had evidence of nonparathyroid neoplasia. There was no significant correlation between before-treatment PTH concentrations and lowest after-treatment iCa (r = 0.092, P = .51).
Results

Fifty
The median serum creatinine, blood urea nitrogen, and phosphate concentrations before treatment were within normal limits at 1.0 mg/dL (interval: 0.3-4.6 mg/ dL, reference interval: 0.8-1.5 mg/dL), 17 mg/dL (interval 6-63 mg/dL, reference interval: 11-33 mg/dL), and 3.0 mg/dL (interval: 0.8-5.1 mg/dL, reference interval: 2.6-5.2 mg/dL), respectively. The median urine specific gravity was 1.016 (interval: 1.004-1.050, n = 44). Eight dogs had cystic calculi, all were removed via cystotomy or voiding urohydropropulsion, and stone analysis was available in 6, revealing calcium containing stones (calcium oxalate or apatite) in each. Two dogs had evidence of chronic kidney disease and were azotemic. Each had compelling evidence for concurrent primary hyperparathyroidism: presence of hypercalcemia (iCa of 1.46 and 2.08 mmol/L, respectively), low-end reference range serum phosphate concentration, a solitary parathyroid nodule identified in each dog via ultrasound and hypercalcemia resolving within 48 hours of treatment (dog 1: creatinine 3.2 mg/dL, iCa 1.78 mmol/ L and phosphorus 4.6 mg/dL, dog 2: creatinine 4.6 mg/ dL, iCa 1.46 mmol/L and phosphorus 4.0 mg/dL). These dogs' azotemia remained unchanged after treatment.
Parathyroid nodules were defined as either an internal, external, or ectopic structure found to be compatible with sonographic appearance of the parathyroid >3 mm in diameter. A solitary nodule in the area of a parathyroid gland was identified with cervical ultrasound in 45 dogs, 2 nodules were observed in 8 dogs (6 on contralateral sides), and 4 nodules were identified in 1 dog.
All 54 dogs had resolution of their hypercalcemia within 48 hours of treatment. Eighteen dogs were treated with ultrasound-guided heat ablation, 17 successfully. One dog that did not respond to percutaneous heat ablation was then successfully treated surgically. All 37 dogs undergoing surgery had resolution of their hypercalcemia. Thirty-two of 37 dogs had a solitary parathyroid mass removed and 5 dogs each had 2 masses removed. One dog with a solitary parathyroid mass identified via ultrasound had bilateral adenomas identified at surgery. Of the 8 dogs with 2 nodules seen via ultrasound, 2 dogs had a single adenoma and 1 dog had a single carcinoma identified surgically, 3 dogs had both a solitary adenoma and a solitary parathyroid gland described as adenomatous hyperplasia identified, and 2 had multiple areas of adenomatous hyperplasia identified. Two masses, a single parathyroid adenoma and contralateral thyroid cyst, were found in the dog with 4 masses seen via ultrasound.
Of the 54 dogs in this study, 10 were given either calcitriol, calcium, or both. Five hypocalcemic dogs developed clinical signs consistent with tetany and each was started on treatment to prevent progression. Five hypocalcemic dogs were given calcitriol, calcium, or both due to worrisome hypocalcemia, but none of these had clinical signs at the time that treatment was begun. Data from these dogs were excluded after these interventions. Twenty of the 54 dogs had at least 1 iCa <1.12 mmol/L and 14 of those 20 had a least 1 plasma iCa concentration <1.05 mmol/L after treatment. Ten of those 14 dogs had at least 1 iCa concentration <1.00 mmol/L after treatment (Table 2) . Overall, there was a moderate correlation between higher iCa before treatment and lower iCa after treatment (r = À0.416, P = .008- Fig 1) .
Each of the 54 dogs was arbitrarily placed into 1 of 4 groups based on before-treatment iCa concentration: . Of the 10 dogs with at least 1 iCa <1.00 mmol/L, 1 was from Group 1, 1 was from the Group 2, 2 were from Group 3, and 6 were from Group 4. Combining groups 1 and 2, 2 of 27 dogs (7%) had at least 1 documented iCa concentration <1.00 mmol/L. Combining groups 3 and 4, 8 of 27 dogs (30%) had at least 1 documented iCa concentration <1.00 mmol/L. There was a significant association between higher group number and proportion of dogs with hypocalcemia <1.00 mmol/L (P = .014). Six dogs were noted to have adverse events after treatment including weakness, collapse, or tremors (1 dog each in groups 1, 2, and 3) , facial pruritus (1 dog in Group 4), seizures (1 dog in Group 3) and sudden death (1 dog in Group 4). This dog's iCa was 1.76 mmol/L before treatment, last measured at 1.22 mmol/L 6 hours before death, 2 days after treatment. Necropsy was performed, but cause of death was not determined; therefore, hypocalcemia remained a differential.
The median duration of disease was 101 days (interval: 14-714 days). Although there was no significant correlation between duration of disease and lower aftertreatment iCa (r = 0.107, P = .44), dogs who developed adverse events related to hypocalcemia had significantly longer known duration of disease (median 312 days) than dogs who did not display clinical signs of hypocalcemia (median 92 days, P = .048). No adverse events were documented in any dog whose duration of disease was <100 days. Conversely, the 2 dogs with most profound adverse events (seizure and sudden death) had a known duration disease of 452 and 393 days, respectively.
Discussion
Management of most dogs with hyperparathyroidism after treatment is often uneventful and rewarding. However, managing some dogs can be challenging if life-threatening hypocalcemia develops or if vitamin D overdose occurs while attempting to avoid hypocalcemia. 18, 23 The decision to supplement with vitamin D is often based on clinician preference or anecdotal evidence because standard recommendations do not exist and there have been conflicting results in previous studies investigating the relationship between findings before treatment and the development of hypocalcemia after treatment. 19, 21, 22 In this study, we aimed to evaluate dogs both retrospectively and prospectively to gather a large cohort for examining the relationship between findings before treatment and hypocalcemia after treatment, as well as adverse events. Because dogs treated at the VMTH were typically pretreated with calcitriol if their tCa exceeded 15 mg/dL or if their known duration of disease was >6 months, only 1 dog enrolled retrospectively in this study had a tCa ≥15 mg/dL and none were >16 mg/dL. In 1 previous study, dogs with higher before-treatment total calcium (median 16.8 mg/dL) had a higher risk of developing hypocalcemia than those with lower beforetreatment total calcium (13.6 mg/dL). 19 The lower before-treatment calcium concentrations for dogs in this study would be expected to be associated with a decreased likelihood of after-treatment hypocalcemia. *Indicates significance (P = .0144). In spite of this limitation, our results demonstrate that there is an association between higher before-treatment iCa and incidence of after-treatment hypocalcemia. Given this clear association, the prospective arm of our study was discontinued out of concern for animal welfare due to the higher risk of developing hypocalcemia in dogs with higher before-treatment iCa.
If the study population are arbitrarily separated by pretreatment iCa into mild (iCa <1.66 mmol/L), moderate (iCa 1.66-1.75 mmol/L), and severe (>1.75 mmol/ L), these data suggest that dogs with mild pretreatment hypercalcemia are at relatively low risk of developing after-treatment hypocalcemia and do not warrant prophylactic administration of calcitriol. Dogs with severe hypercalcemia before treatment are at risk of developing clinically consequential hypocalcemia and many, if not all, would likely benefit from preemptive administration of calcitriol. Dogs with moderate hypercalcemia might or might not benefit from its administration and the decision regarding the initiation of vitamin D treatment should be left to the clinician. The clinician, in turn, should make this decision based in part on owner acceptance of frequent laboratory assessments and the ability to intensively and aggressively monitor the dog and serum calcium concentrations. These guidelines must be interpreted for each hospital, clinician and laboratory, as measurement protocols and references ranges can vary.
The association between iCa before and after treatment reported in this study challenges the findings of 2 other studies. 21, 22 In 1 large study, the authors did not find a relationship between higher iCa before treatment and lower iCa after treatment, but the monitoring of their dogs was sporadic and could have underestimated subclinical hypocalcemia. 22 In our study, 20 dogs became hypocalcemic, 14 below the established cutoff of 1.05 mg/dL, although only 6 developed clinical signs. The study was designed to retrospectively enroll dogs that had iCa monitoring at least every 12 hours until the values plateaued or until calcitriol treatment was initiated in order to maximize our ability to identify dogs who developed hypocalcemia. Additionally, by only including dogs seen by the VMTH, we minimized variability in sample handling on the measurement of iCa.
Another goal of this study was to evaluate the relationship between other factors before treatment and hypocalcemia after treatment. To estimate the duration of disease, we assigned the date of first diagnosis as the start date and the date of treatment as the date of resolution of primary hyperparathyroidism. This method undoubtedly underestimated the duration of disease. Many dogs in this study had no clinical signs before diagnosis, so there is a strong possibility that they could have been affected by the disease for much longer than estimated. Determining the true duration of disease would be difficult. We attempted to investigate the association between duration of primary hyperparathyroidism and incidence of hypocalcemia or adverse events after treatment but were unable to find a significant correlation between these 2 factors. Similarly, serum PTH concentrations before treatment did not correlate with iCa concentrations after treatment.
A limitation of this study was the use of both serum and plasma iCa values due to the nature of the retrospective arm of the study. Factors known to affect iCa measurement include sample pH and heparin concentration in whole blood samples. Serum samples sent to an external laboratory were adjusted to correct to a sample pH of 7.4.
b Heparinized whole blood was collected in lithium heparin Microtainers i and run as soon as possible (within 5-10 minutes) to minimize effects of aerobic conditions. Nevertheless, the ex vivo handling of the whole blood might decrease measured iCa concentrations. The mixed sample population likely represents what would be expected in many veterinary clinics.
The data from this study suggest that there is a moderate correlation between higher hypercalcemia before treatment and lower iCa concentrations after treatment. There was no association between PTH concentration or duration of disease before treatment and development of hypocalcemia after the operation. 
Footnotes
